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[ m fF it * <d m h i 
t it l ] 

ss t . 

82f-/<i«4tt5f 2 =■ 7 i; < r4x£ffltriifJfE^9;/ K t SrliS* 2 Rtttf + 

1WIESB29 1 — — sb ^sffiaaas 1 9 — ^wwrtKSi&i&sn, *i * ii 4 ^ e $ # 

n £A Jb -C- S> 9 , 

fl&8EjB29 — '<««0>«Jt>i&£ixfcas#AS, *rlE j e—K3E^*i6U=flIA*»rffitw*5i^riWr 10 
IE® 1 — /<f|1£-C%£K:H£;h.-CJ39 , 

1 i^2^-^>°M«/J s ^^b-CV^5<!:$, JlfJ IE IS 1 9 — '< m i& ft lz W. lb & ft tc til 

2 r — '<m®<om&Mito&izfriz & & * x* z z. t t ^ zmmteftm&& 

[ »** 2 ] 
[ If M 3 ] 

W#*liB*iro3Ej*#»=*5^-C\ «rlBJRl=TWJB*f**s, tt%tm.ftJ3$\Km.%\ (g ra 
ded) Lt^5iiS:t»tt5*)««, 20 
[»*JS 4 ] 

»** l 8a*wsKj*«t=*sv^T, WE« 2 37©BHr*«s, Sf( IS iff A * ifil L X v>5 

[ if ** 5 ] 

1 IE «c <d M 31 tr *jv*T, i(ilE?5? KroSJf**, ml IE £ A * ft ffl#4 L T i/> -5 

[ »*3fi 6 ] 

»** 1 IB«<Z>*^«lc*5l^-C, IW*^, HuiEi£^*|6] K *5 T iffi IE !g 1 = T 5s W IE 
Ki:i6i*>oT«i*i:S5fl:U-CV^:iS:»itt5 

[ If * m 7 ] 30 
[If 8 ] 

»** i iE*roae««i^*5v^r , mvtm&. tamm.n^^nz^\,^xttits.m 1 => r a» biifriE 

* 9 y K ic [6] jS>o -c ^ lb Lti^ii Srfl* * k -f Z> 

[ ff 9 1 

If 1 !Eite<0^^«{c*3V>r , JB$r«M«, iWrlEitft^lPll^iBV^rSftlE* 2 =iT*»e>WfE 
if 9 y Klw[6l^cttiftK^ftbtV^3 r. k Z » i£ t "t" 5 % J* 41 . 
[ »** 1 o ] 

»*« 1 IB<R«)*j*ISfc*si^-C» WIEfg 1 9 £ UfJlEfi? 2 9 — t roKro^te 40 
%) m # 0 . 1 % « Ji CD li , Mffi*19 — /<««£»29 — '<««0>M$feiH;4S««L 

[ »** 1 1 ] 

lf**llEitew^^5S{-*JV^-C, MIES? 1 k m 2 <D =i r , *5 <fc t) 5 M IE ^ 9 K # , ffi ft 
ScIhI^ (PLC) ±t*«ft$ftT^5 w i: i: 1" £ 

[ »** 1 2 ] 

»#*l|E*«>aEj5fc#fc:*SV*T:, HUfESSlaTcDStfr^/JS, tfllE^2='T<oaiff^J;9Jt 
$fcl$<gv> r. k Sr#m i: i" -5 
[ If #31 1 3 ] 

If #Jg 1 lEttW^^Si^SSV-C. MIEU 1 = 7 co®#f . SHS^7y K©ISf$±!ll 50 
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I if i 4 ] 

1 3 rafKoaEjfcSgfcjsi^-C , n, iifilffill 3 7©I}ff -e« n 3 /JSfltJfB* 9 y K 
<7>mffimx~3bZ>m&. O < ( n , - n 3 ) / n 3 < O . lt?S>S^i:Sr»«i:i-5«J«* 

o 

[ IS*ri i 5 ] 

[ 1 6 ] 

1 5 iatt<7>ae^*fc*5V^T. n, *s«Ell = 7©a*rft, n, 4SHffi* 2 3 7 10 
rolSr^f, n 3 #SIraa^9s/KOJB»f*-C*>5#-&, 0. 3^ (n 2 -n 3 )/n 3 -e 

[ »*« 1 7 ] 

SrfiStS <t # , f-W X b MVl b m (D & f& ft t> ti % £ t JrHf iE^, 
[ gft*£ 1 8 ] 

I 1 9 ] 

[ 2 0 ] 

Ht#3SliE«ctf>2£j*3§lc::JoV'>T» MiE*!? 1 — e»t5)fc^ - K»SJt# 

* /M» I:: » ?> ft . MiHeSi-STt^e - K # M §H % 2 =<Tlc:m3i£ft6i <t &r *l$ $t .fc "T -5 

[ »** 2 1 ] 
[ »** 2 2 ] 

BI**iia«lo3E^«fc*sv^-C. ifJlEJB l i^ro? 1 — iSittffcfcsv^tt-tr*';' 30 
xH^tfc5;i frtttt tt5 
[ W** 2 3 ] 

IDftSiEtoiiSSCis^-c. tfifZM i bm 2 <DT-s<mi$.tK 'J - T y v 

!) = T # T* 5 i i 5:1tiJ:t5f«S, 
[ W#« 2 4 ] 

flSl^-^WyeSr^ri-^JRl = 7i, rHirItf^5y K £ «: fll *. 5 JB 1 tt «tt 7" * * ^ 

I2f-/<««?:tt5i2 ^Th mSrffltfWIS^ 7 y K i *« i 5 » 2 R«ttf t 
^/I'SaHftlSi**!*., 40 

n « ± r- fc <0 , 

ffimm 2 =>T bffifc? 9 y KIUO, W-'f:<'7*y*.*^3*R(5;6*Jgj*;*ft, 
ffi IB * 1 r-^ilitS4l;l*JiTi3 «? N 

WE* 1 i:*27 L -^??i*S^S«*l,TV^-5i:#, fWEfcl^ — >*««rtU:««>i&*ft/S:lWl 

* - K«*»o 

2 5 ] 

IS jjt 2 4fEi)fe<D]£:fi!c4HflC:JoV'>"C, itfJlE*l=7<£>Btfr*/iS, SfJfS*2=T<7)®Sf^ < t«9 50 
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it & V* r. t & #® t i" 5 te&m. 
[ If ** 2 6 ] 

IS * * 2 4 IE m <r> m /£3§ *5 T , AW^fy^^astftaSW:. — 
[ If ** 2 7 ] 

l»**2 4!E*a>£/*#U:*SV*-C» fiit4**-K*s, Jl<JlE!gl=Ti:iifrlE|g2 3TW 
P»UeSt5i^, -t»--YX4:»«i:iSft©«fiK*stTi34x5r.i:4r1**i:-f-5aBj*«. 
[ if ** 2 8 ] 

»#«2 4E«o«s«c*j^t. e*-t- 5 3t* - k# , mum i mm® t 2 mm 10 

[If** 2 9 J 

If** 2 4 8E*«?*j**»::*iV^-C , mf IE IS 2 y - /< % <£ 9 , 3 K 

[If** 3 0 ] 

If** 2 4 fE«c(0^j^^t-*J V>T , M&m 1 r — '<mt$L\z £ V , g « i" 5 # •* — K <D S ft 
d* * /MR » * e> ft . BUIEeSi-57fe* - K # iffi 3E SB 2 =>TI:*SJ Jx5 r i: £ # $c i: 1" 

[ If** 3 l J 

t»*«2 4iE«j«7?^j5g^ic:*5v>T. rnrnm i ; r — '<mt$,zw>i>-ftLZ. t \z £ y ^ ests* 20 

[ If ** 3 2 ] 

if ** 2 4 iEtto I::*} fflrffi^lt^wf 1 — I«#*5v»iit^ 

[If** 3 3 ] 

if ** 2 4 iE«<o^^^ir*5 v>-c . ifriE^ 1 t m 2 of- ffi # , y-Tfr&s^tt/ 

[If** 3 4 ] 

if ** 2 4 IE Id** t^-C, fliJtE^ 1 T <75 ffi iff ^ , WIBEA*lftl fc4K*4 Ltl> 

5r t^tf itsf^s. 30 
[if** 3 5 ] 

»** 2 4 E<ftoaEj*«|c:*JV^-c» MSE»2 ar«JJB*f*^» flJ 12 il: A * (6] ft #4 L T V* 
5ii £#m tti 

[ if** 3 6 ] 

if ** 2 4 iEttO^fftgg K *5 V>T , llfJfE ? 9 y K <D Mffi m , Atr IE iff A * (6] K: « j& b X V* 
[if** 3 7 ] 

if ** 2 4 iEfitco^ffcSKis^-c . ffl*f**s, milESft * fa tr *s ^ -c tfrlBft l = r e> j» 
IE * 5 y Ki:iBi*>ott* I: se-fb Ltv^:i * mm its 
[ if * * 3 8 ] 40 
if ** 2 4 IE«ccO^^;Sfr *3V^T , JSlff*^. WIEiSA*l*U^*iV^-CMffiJB 2 =1 Tii'bi 

[if** 3 9 ] 

if ** 2 4 E*ro*j5fc#K:*5 „ I Sf f ^ s > M IE K ft ^ ft K *J T ffi IE IB 1 =■ T h ttl 
IE 9 7 v K iw [b] o tf it; £<ft iti^:i t -r S ^fig^„ 

[If** 4 0 ] 

if ** 2 4 E««>***t*5V^tr, JB$r**s, lttlESft 2r ft K *3 ^ T SfF IE SB 2 =■ 7i> 

ie * 7 y kk is] a» o -c a* k ae-fb itv^:i #m t -r s f ^n. 

[if** 4 1 ] 

if ** 2 4 IE«cCO^fig^i^ioV^T . ME^lf — ^fc^ilttrlE^f — '<««J:0>lltl«>3fc 50 
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&m$}mtf 0 . 1 % £A _h <D m tt . fflK«l^-'<««fc»2^-/<«JW0>P5$fciHi6Stt«! 

[ 4 2 ] 

gf * « 2 4 IE«c (O & &m fw *S V* T , ii2©37 1 33 «t IF W IE y 9 y K # . <p B 

MESS (PLC) llcftaft^ntv^r i5r1ff 
[ If #31 4 3 ] 

If #*i 2 4 fE^W^ffc^KSJ^T , SflE^ 7 y K^s, Iffill tl2 ^riritfi® (« 
« «: £ tr ) T* o r , Wre»lfcSB2aT©3&»-r>'7 ? yy-*J:ytel^»'r>'y f yy-;* 

[!I*S4 4 ] 10 
» # « 2 4 IE * 0> * j*« *S "C , ffr 12 y 9 y K # , M IE S& 1 t # 2 a T £ H tr SHi§£ ( « 
& «r ^ tr ) T'fooT, 3fc — K»i/^ytvF ■ 7^ - K # "t" 5 fH « ( 1S iSc £ ^ 

tf) t l t mm £ n s c t * &m t -r 5 
1 »** 4 5 ] 

— K O # y" y T- £> o T . 
*lf-'<**itt5*l art, 

W IS JfS 1 i»2 37iS;Btf^7y K £ Sr fit *. . 
M1E^27 1 -/^*cd — gM5fltrtE^ 1 

ffj IE * y y K # s , W IE ^ 1 i 2 3T<DB^^tliffi#l#5eifr*£*-t--5 — S*fc(4^ 20 
*i»tt»ti*SixTV'5 c t Sr i « * * - K©* y^5. 
[ if M 4 6 ] 

W «tt * tt » 3fe * - KsEfifc*-e*>o-c» 

ffl^-^fHttSr^r-raJBl = 7i, rtvSrffltf^yy K t Sri x ^ I 1 t tttiS K i: 
»2f-/<*«ttt5» 2 37 t < ^tiSrffltriiUfEyys/ K t ?r fi x. 5 I 2 i ttttt 

sfiiE^27 i -/^«co-?M5SfifE^i^-/^«rtt-a*ii^n, 

HIT IE * y y K , flfj IE ^ 1 i:»2 3r«?JBSf*i:M:«*'S:*JB#f*«r*-fS-«*fcH: : S 
[ 4 7 ] 

|2f-^i«?rtt5$2 = 75r tiEf 2 f-/<H«5: WIEf 1 r-/<««l; 

mm-f Z> - K S: lW IE JK 1 * ti |g 2 =iT<T>\,^-?i%fa\zmX-i'Z>X7 L y7't. 
Sr fit * i i: Sr 4* « t 4 3t « « BB fi* * * - K S * * . 

[ if *^ 4 8 ] 

»lf-/<i)|tSr*t5^1 37«;|fttUf y7i, 

*2r-/<««S:*tSj(52 37Sriftl, *«IiE^27 i -/<ffi«ro-g|5S:SiliEm 1 y - 
ffl^fCtlftiitfy^ y ^ t x 

MlSfl tl237i*itf^7S' KSrtlftL^ Iff IE ^ y y KS:, i!frlEfgli:3S2aT?> 
Iilr*tlift»45aJlr*S:tt5- m & ft lim&M <D W n X- ffi f$1r Z> x r v 7 t . 
e«-rS7t^-KS^mlEP)7t^^rov^•r^^/!l-^«A■t-?.y7 L i/^i:, 

[ »*« 4 9 ] 
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1 x - /< ^ *£ 13 S #> & tf * 7" y t , 

MEIKl i:*237i:Sritf^5y KSrftftL. *tHE * 7 y K £ , MEg 1 aTW 
eit^*^- K £ tf! IE IS 1 ;£ fc tf f£ 2 = 7 »i>f h«»l:iAt5 y ^i, 

o 

[ 5 0 ] 10 

T , 

f 1 f-/<g«^tt5» 1 ffiHJf$=7$rf tttS^fy / t , 

3S2^-^M£#i-53S2«B^*^T£lS#tL, iWrlB*2f l ->'<«*o-»Srfltre» 
ttEIl t»2ari:iltf^5y KSrJiiL, tftfE ^ 7 y K £r , buIEI 1 i I 2 co ^ 7 

e # *■ s * * - k & str ie is je ffi mm m * tf utiiE^a $r *® *s <n -r ji k ^ a -r s * 9- 

y 7- i: , 

o 

[ * w <o m m ft r w ] 
[0001] 

# tH « tt , 2 O 0 0¥7fl 1 O BHJS©St*|!|WajSS 6 0 / 2 1 7, 1 68^(3» 

o 9/8 4 i , 4 6 a ^^okio z> — nmwL&mx* h Z> <, 

[ 0 0 0 2 ] 

3t ft « o # Jff , *SEfi£#*fcHc2*«J*aiS«>W«)*IS:*t*3X*tftH4l- 30 

[ 0 0 0 3 ] 

2*«>ta*&5i»jfiis<73iH]^aa!»te)n.5 j e - k * j* « « » ?t => v # - * ^ f©- o e> as 

t? * 5 . ft il ft T* tf . ft 7 T -f « & & t iS W V t* y i7 * £ (37H?';KOflj)f*«) 
£ ) ¥ffi^&SS<twlWK:!9:tf£>;h,-5* — K^j&Sltf, *7r -f^Hlli¥ffi*«lEliiS (P 
LC) ?r^;^a(c«a^iAtp<7)lc:^^Ta^T'A>?) 0 tot, 2#W2Srj£*&<£>ra«9$b*#}ft 

[ 0 0 0 4 ] 40 

fg^ft-5-f^xy^* ( JB *t * ) «*iO t /tfctt3 7Il(f*ttt5 2*«)i8K«)B 

#tC5. 0H *. tf . ft7r^'<*K&<7>^v9'y:5'*£<>:^-Ki:#, il^yj'^^i 
-f u - ta*»K© ft b £: «3 H ft 3 41 tf . *7r>f/<i«8i*'f yfy^f 7"i/ 
<b £ H « & -T 3 t , Ji 5fc # W < ft 5 . *77^^©^fy^ift 

. ~o. o l , iii v 9* y 9 * mm-®. & <o 4 ^ 9* y 9 * M J: •? /h $ < „ IE * 7£ 9 

*A'3!i|fJjEI&«3&K*5^Ttt*S!«n::tfO. 3«±f ft 7 r W '< fflfl tf> — K tf 

. aWvfy^^^fcail&w* — KJ:3#<ft3. 9 L + *A'S!*aSl&tt» =* T t # $ ii 5 
4> 'fr SB # * 9 Kiffc£;h,3jgja&-eH£;h,-0^.538m«^a£&-e*>3. * 9 y K tf = T 

a k> 'b&\^mmm*m-ir z>Pim *»e>-es-ci^a. ^oj;9fti»5£-etfft3& 50 
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*SB£bTt>«3£i-s;ifc3>s*rtE-ea>0* y ^i^ftB^tw-wtkic y ^ s * « 

[ 0 0 0 5 ] 

Mi-, %y r << '<mfo&<o = r >r v ^ y * * a* i« -f >- x y ^ ^--J-M^&ss^fcco 10 

«fc 9ffiv*»-&H:* N V tfc tt HO l£ * — Ka*JSa*£ b 5 C * - K « <o z. <D X 5 ft ft ft ^ «i 

[ 0 0 0 6 ] 

*@ ^ ft 6 ^ y^^iS:*t5 2*<Z)*jfi«S^MO* — KS^^^$fii:|r5 T :X u - 

ft 5 J: 5 x - y< IB X -f £ o i^-f >-f ^ ^ ^tSfiK^I^(7)i&fi«/5^T-/^«ii 
^-K^giH$^^}cotbT. * - K & ffl JH # 6 =3 T U fk tt * * Id 4> ft < ft 6 0 ^Ttt 20 
ft fig ^ # ft -T 5 - K 7 ^ - K # » co SB # &m *Q b > * — Kt^XSrf i§ 0 -=e - K 

* fij ffl -e # 5 * at ss ^ x y * * * , f-/<^#«Ei:totirai:«ibn5. itth 

oT, /< 17 - o * £ 35 fti* K 2 *<Dm>$H&m<D* - K tt * £it/£-f-3 r £ 38* "C # -5 0 * $J 

> 7* y * * £ ffl'J « 1- 5 * 8x , #79 ( M . Guputa) * ^If gfj ( " T 
he Handbook of Photonics" , Boca Raton, Fla. 
CRC Press, 532-535 ( 1 9 9 6 )) icEtSftt^i, 
[ 0 0 0 7 ] 

t t m<5 < - kaerisfco i^-c «t , ^ u -t- (Br enne r) e>^««-«^a« 30 

ttt#«ffW3feI*S«|^38«LfcaX (IEEE Photonics Techno 1 
ogy Letters, Vol. 5, No. 9, September 1993) (dfE^c 
£*tT^5 0 ico W fr 4ft tt * ¥ffi»»K03rilI#0*»803rt>f X^fcll* 

rft«*s3fe*B^7 t — ^*nxsix'Ct^s. ^ — ^^K^ejR-t-**— K<ou--r xj*, na^fv 
x y ^ ^ # /h $ < ft 3 <d -e ^ '> b , $e o r n m 4 > ^ y 9 * m & n & -r % 0 z.<o^\^m^ 

* b T ^ 5 <£> f* , T-/^#ftlifiHt5 1 ic^b^-e - K ft J* -C fc -5 
[ 0 0 0 8 ] 

^. X ^ 5 a — 5 (Stegmueller) h <r> * S m ff 5 , 1 99, 0 9 2 -5§- C: ^ $ 

ttoT* — KaSjSS:. ^U"^ (Brenner) "bO^f^Sr^tftefflTlJtT^i-IEfc 
<7? 4i ^ IrJ C J; b \z . i i ^V'>^2fe^4 , j£V'>^J6SSIc^^a-^-tp 

•frSii-efco-C, - B.^V>^(D^jS? s ^fiil:ffiij7 ; -^T-7Sffl(cM-5t, It ^ * «5 i» « IS 
l:*«Sr»< i 5 J£ <o m ft IS I* . *jj(S:i< »»^« tbto t»v^«5* 

iSKwMlSrItr<t 5 Cftct^S. — 3. * — K ^ fig *s ^ T tn ti , J£v^ro^KlS/)5# 
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[ 0 0 0 9 ] 

B^BWt-Kje/jKllf^fti, if>-^yUU (Zenger 1 e) b^lS' g^Si 
f i^^ff<?)*l¥ftii:iSl/c^^ (IEEE Photonics Technol 
ogy Letters, Vol. 7, No. 5, May 1 9 9 5 ) 2 & (D ^ ^ ^ 

^ b tz* — K^/£3g *ftSft"C^5. ^ ~ V is ¥ (Schwander) h^M^H^ 

(Electronics Letters, Vol. 29, No. 
4, February 1 9 9 3 ) 2 *0 y.^IiiSB^** S;f-/<D5l:lDI I 

. m^.^(D-^(D — as^teo — kco ^ {^a fcii ^ K^fig«^a« s n -c 10 

»SKl:»i5Lt^ - J^Srff 5 Oli ii»a4^ffitMii^ 0 ^yU-^V (Moerma 

n) ^OfSi^ (IEEE Journal of Selected Topics in Q 
uantum Electronics, Vol. 3, No. 6, Decemberl9 
9 7) \Z , * - K«fill:fflt>bn5in5> 2lT-/<S^aft$Htt>5« 
[0010] 

\^mWl£ Z> ^ — KS:S^t5(Dl:tffl4aaizif-^ HS<3< a ^ ft ft — K 7 M f& 
[001 1 ] 

93 ij tf . Iiii-ir - ^ili^:iHi!), 1 * tt 4b. lw & T & \z m I* 

^fyry^^iSrttS 2*o»ft»(OHS:ftS*t* - Ke^t5*8* - K * J* * *« 

^^i^IWSKw* - Kl:3e^t5^l:fflt^r t^^f 5o ft *5 , v * — K # 
7r^^*i«437^Sttiifii O/imtfo^ *>>^^* — KaS^^^y*** 
¥ffi*»RW37^fttt, f + *;H*»BtliftSftJ:ilfti i/mKT"e*)5o 1 n m 
■+fe©*>y^/i<*- Kl:»JSt5iE*«f t*^I*«B«)>f y ^^Sli, - 0. 3 
tf & -5 o 30 
[0012] 

2& Sg so - Kil^f v x y 9 * w — T S « i& B& <r> ^ — K t <D P*fl £: {£ 7 — it jfc -e 
[0013] 

5»<!7-»ifeM:* Zir-/^^ilgt«:i§ <DX*&< ft 5 C f-/^Zli:ffl^^ 

r t \Z X *) s ^r— h* & K <D & * <D & It b ft Z> fr, Z. (D'& * (D^{kZ.^{&m$:. M fa 

* - Kfc/it fciB* ft r t -e *> So IS-T^^^^^MWiSKirS^^xy^^^^iSK^* 40 

M JBE * x - I* , 2#<7>i»iftttas«ft$'&o-c, /hS4*o»«8*** 
Kicffi^i^*nSJ:$ft«5t-eBcg$n"CV>So 

[0014] 

^iRlltS^tSr/TfC t^feSo *«McoSU^BftO — oft, ^ ~ *P X £ 4l, *g ; 

tt, fi»*w*-K««i:t5l:tt, 2 ia to ft «■ n tf ft b ft r £ , ft to *» % 

* o 

[0015] 50 
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— K X at £ ft 0 <o \z » m x h 5 o c (o r t 14 , ft ft w <o ft ffi -e 14 *r #g ft ^ o -e 

[0016] 
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MODE TRANSFORMER BETWEEN 1X>W INDEX 

DIFFERENCE 

WAVEGUIDE AND HIGH INDEX DIFFERENCE WAVEGUIDE 

PRIOMTV POrOltMATfON 

This application claims priority from provisional application Sex No. 60/2)7,168 
filed July 10, 2000, and b a contmuiliim-in-part of Set. No. 09/841,464 filed April 14, 
2001. 



10 BACKGROUND OF THE INVENTION 

I. Field of the Invention 

The present invention is in the fiekJ of optics, specifically in optical transformers 
or tran&fonnjtcs for bi-directionally coupling optica) radiation between two waveguides. 
It Is also ha the field of mode rransfcmien between two waveguides. 

IS 2. Prior Art 

A mode transformer between two different waveguides Is an essential part of an 
optical system where the lightwave (mode) from one optical component is coupled into 
another component. In optical communication, a mode transformer between an optical 
fiber waveguide and a high lad ex difference (difference in the refractive indices of core 

2 0 and cladding) planar waveguide- is crucial for successful implementation of planar 
lightwave circuits (PLC) m fiber cooinranication. Therefore, developing an efficient 
mode transformer between two waveguides has been a subject of intense research. 

When transforming the modes between two waveguides with different index 
(refractive index) differences and/or core indices, high coupling Joes arises due to the 

25 difference in the mode size, shape, and mode velocity. For example, the index 
difference and the mode of a fiber optic waveguide pre different from those of a high 
index difference planar waveguide, resulting ha a high coupling loss when the fiber optic 
waveguide ami the high index difference planar waveguide are coupled directly. The 
index ditfcreaue of a fiber, which is ~0.01 , is smaller man that of high index difference 

30 waveguides, which ia typically equal to or larger than 0.3 in a square channel waveguide 
configuration, making the fiber mode larger than the high index difference waveguide 



(15) 



JP 2004-503800 A 2004. 2. 5 



WO 02rt*00« PCT71 IS9 1/41 J 42 

2 

mode. A channel waveguide is a dielectric; waveguide whose core is surrounded by a 
cladding that is composed of a material or materials with refractive indices lower than 
that of the core, and wherein rhs peak optical intensity resides in the core. High index 
difference waveguides can be defined to orher waveguide geometries including a rib 
5 waveguide. A rib waveguide is a dielectric waveguide whose core is surrounded by a 
cladding that is composed nl materials of which at least cue has the iaanc refractive index 
as dm of the core. In waveguide configurations that ire difference Crow a channel 
waveguide, a high Index difference waveguide Is defined as one that has a mode-field 
size similar to that of a high index difference channel waveguide (within SO % diff crecce 

10 in eras-sectional area). In these waveguides, cladding is defined as a region where the 
evanescent field uf optical roodes exists. 

In addition, the core index of the fiber optic waveguide is lower than thai of the 
high index difference planax waveguide causing a mode velocity difference between two 
waveguides. When such a change in mode properties takes place too quickly, high 

is power loss arises. 

There have been several approaches to achieve efficient mode coupling between 
two waveguides whh different index difference, including mode transformation by 
tapering the dimension of high index difference waveguide. Mode traivs format ion by a 
taper has been shown In various publications. Over the tapering region of the high index 

20 difference waveguide, the Ihickneas or the width of the waveguide core is gradually 
tapered down from Cue of the normal guiding region tu a lower thickness or width. As 
the mode travels from the normal guiding region of the high index difference waveguide 
into the tapering region, the mode experiences decreasing amount of the cote material. 
The fraction of the mode field distribution that exists outside the core materia) increases, 

25 changing the mode size. The index of the waveguide that the mode experiences is 

effectively changed by the presence of the taper. In other words, the "effective Index* is 
gradually changed by the taper. By gradually changing the effective index from that of 
the low index difference waveguide to that of the high index difference waveguide, the 
mode coupling can be achieved between two waveguides without high lass. The method 

3 0 to determine the effective index is described in "The Handbook of Photonics ", Boca 
Raton, Pla. CRC Press, 532-535 ( 1 996) by M. Gupta. 

Mode transformation based on tapering is shown in the prior art including 1EER 
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Photonics Technology Letters, Vol. S, 



No. 9, September 1993 by Brenner fit aJ . In 



this publication, the core of the planar waveguide is vertically tapered down from that of 
the regular waveguide. The mode size prop 3 gating In the crpcied region increases due to 
the reduction of the effective Index, and thus the reduction of the effective index 
5 difference. This publication show* the gradual mode oansfonaarioc occurring ir> ace 
waveguide due to the presence of a taper. 

U.S. Pal. No. 5,199,092. issued w Stegirrueftcr etal. shows the coupling of 
modes between two different waveguides: one broad and one narrow. The two 
waveguides run parallel to two another and are superimposed wim each other to provide 

10 a superimposing waveguide guidance. During the superimposed waveguide guidance, 
one of the two waveguides is tapered down in vertical dimension, while the other 
waveguide dimension is kept constant. The role of the tapered waveguide is to provide a 
gjntfual effective index change, and thus mode transfonnauxni, same as the cases in 
journal publications including that by Brenner et al. The difference is the 

is snperimpostdon of the narrow waveguide m the broad waveguide, providing 
wBveguiding in the broad waveguide once the narrow waveguide is completely 
tenrdrtated by the vertical taper. The broad waveguide is surrounding the narrow 
waveguide over the whole wavegutding distance. The presence of the broad waveguide 
helps guiding the mode once the mode transformation is complete. 

20 In addition to single taper devices described above, duaj tapers are used in mode 

transformation between two different waveguide*. IEEE Photonics Technology Letters, 
Vol. 7, No. 5, May 1995 by Zengerte er al. , reports a mode transformer having two 
channel waveguides, each with a taper, one sitting on top of the other. Electronics 
Letters. Vol 29. No. 4. February 1993 by Schwander cl al. , reports a mode transformer 

25 having two rib waveguides, each with a taper, a portion of one embedded within the 
other. Both of the rib waveguides used lo this an are weakly guiding and thus it is not a 
suitable method for mode transformation to or from a high index difference waveguide. 
IEEE Journal of Selected Topics in Quantum Electronics, Vol 3, No 6, December 1997 
by Muerman et al. summarizes these dual taper methods for mode transformation. 

30 None of the prior art reports an efficient mode transformer between a low index 

difference and a high index difference waveguide. Tbis iuvention discloses, tor tbe first 
time, an efficient mode transformer based on an embedded dual-taper, useful for 
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tiaarforming die mode to and from a high index difference waveguide. 

SVMML'VRY OF TTTC INWlflON 

In accordance with, the invention, Acre is provided an optical mode transformer 
using an embedded dual-taper, to achieve low-lass mode coupling between two 
5 waveguides, one of them having much higher index difference than the other. The 
transformer can be used to couple an optical mode from, an optical fiber, whose typical 
single-mode dimension of the core is approximately 10 pm in diameter, to the mode in a 
high index difference planar waveguide, whose single-mode diraciaion of the core is 
typically equal to or less than I urn in a channel waveguide. The index difference of a 

10 square channel waveguide corresponding, to a I pxn single- mode dimension Is ~0.?. 

It is an objective of the invention to provide a device for transf orming the mode 
between two waveguides with different mode sizes ami indices. It is another objective of 
the invention 10 provide a device to enable low-loss coupling between the optical fiber 
waveguide mode and the high index difference planar waveguide mode. 

15 In the invention, the mode undergoes a low-Joss transfonnatiuQ between » low 

index difference waveguide and a high index difference waveguide by traveling through 
the coupling region containing a dual-taper. The dual-caper provides a gradual change in 
the mode properties necessary for low-loss, bi-directional mode transformation. Both the 
low index difference acd high index difference waveguides arc tapered, in opposite 

20 direction*. These two appositely running tapers aie placed ao that there is an overlap of 
two waveguides, with rbe smaller waveguide embedded in. the larger waveguide. 

It is an objective of Che invention to show thai the dual-taper structure enhances 
mode tiansrbrmadon efficiency between two waveguides. It is another objective of the 
invention to demonstrate the two tapered waveguides shouli be overlapped, with the 

25 overlapping length ranging up from 0 V for low-loss mode transformation. 

The embedded dual-taper technology disclosed in this invention is suitable for an 
efficient mode transformation to and from a high index difference waveguide. This has 
not been possible by the technology shown in yx tor art, which was limited to a low index 
difference rib waveguide cot^gnrotiort. 

30 To apply the wventum for coupling the modes between an optical fiber and a high 

index difference waveguide, the low index difference waveguide can be chosen to have 
similar index difference, core index, and mode size as an optical fiber The mode from 
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the fiber is initially coupled to the low index difference waveguide having similar 
properties. Therefore the coupling is achieved with low loss due to the similarity of the 
modes. Oner coupled. Ugh* is guided in the low index difference waveguide. Then the 
tnodo and the effective index of the low index difference waveguide are gradually 
5 changed to those of the fool waveguide by the dual-tape*. 



BftlEF DESCRIPTION OF THfi OEAWUjCaS 
Figure 1 is a top view of simplified schematic diagram of an exemplary 
embodiment of a mode transformer m accordanc e wffij the Invention; 
10 Figure 2 is a side view of the mode transformer shown in Figure 1; 

Figure 3 is frontal view from the left side of the mode transformer shown in 
Figure 1; 

Figure 4 is a frontal view from the right side of the mode transformer shown in 
Figure 1; 

15 Figure 5A is a a o<k-s action view of the waveguide of Figures 3 and 4; 

Figures 5B-5F are some possible index profiles along the arrowed line 5 in Figure 
SA; and 

Figure 6 is a top view of a mode transformer with fwo tapers whose tips are 
considered to be in contact, when D is short cuougjh to allow for 0.1 % or higher optical 
ao transmission. 

DETAILED DESCRIPTION OF THE INVENTfQN 

Figures 1-4 are simplified schematic diagrams of an exemplary embodiment of a 
mode transformer 100 in accordance with the invention. Figure 1 shows a top view of 
the mode trantfsrmer 100, while Figure 2 shows a side view of the same transformer. 

25 Figures 3 and 4 show frontal views from the left and right side, respectively, of the 
transformer shown in Figure 1 . 

The mode transformer includes a core 102 of a low index difference waveguide, a 
core 104 of a high index difference waveguide, and cladding 106 surrounding both cores 
to define the low index difference waveguide, which, forms a large mode, and high index 

30 difference waveguide, which forms a small mode. Both high and low index difference 
waveguides are channel waveguides in this embodiment. 
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A tapered region 108 of length Li is provided in the low index difference 
waveguide. A tapered region 1 10 of kogth Lt ia provided in die high index difference 
waveguide. Each of the tapered regions 108, 110 are configured in overlap so that a 
portion 1 12, of length La, of the tapered region 1 10 is embedded within the tapered 
5 region 108. 

The index of the core 104, m is larger than m and as, the indices of the core 102 
and the cladding 106. In the illustrated exemplary embodiment, m n slightly larger than 
m. The low Index difference waveguide Is defined hy the core 102 and cladding 106 as 

seen in Figure 3. since in is only slighriy larger fhi m nv 0 <— — — < 0.1 . On the other 

io hand, the high index difference waveguide is defined by the core 104 and cladding 106 as 

seen in Figure 4, since xc is much larger than n»: 0.3^ . 

The fihei mode, whose ccoss-wsdional dimension is similar to that shown in 
Figure 3, is coupled to lhc left side of the mode transformer (00 as shows in Figures I 
and 2 when the mode transformer is used to couple fiber to a high index difference 
15 waveguide. 

In operation, the mode traveling from left to right in the mode transformer 100 as 
shown in Figure I will be transformed from that of the low index difference waveguide, 
whose core/cladding indices arc mfm, to that of the high index difference waveguide, 
whose core/cla doing indices are m/ns. 

20 The mode catering rite mode transformer on the left side of Figure 1 is 

determined by the waveguide cross-section shown in Figure 3. The optical mode is 
guided by the low index difference waveguide, preserving the mode characteristics until 
the taper 108 in the high index core 104 is introduced, as shown in Figure 1. in taper 
108, the core 104 is horizontally capered to gradually change the effective index from 

25 that of the waveguide mode in the low index waveguide When ths core 104 is narrow Id 
taper 108. the etteoive Index is dose totba of the core 102 (and the cladding 106), thus 
the mode properties are similar. As the core 104 is gradually widened, the effective 
index increases accordingly, approaching that of the high index difference waveguide. 
The mode gradually transforms into a mode hi the waveguide' cross-section show a in 

30 Figure 4 by the change of the efikctrvs index. 
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The core 102 is upend In the apposite direction tram die core 104, as 
seen in Figure 1. This taper terminates the low index difference waveguide once the 
mode is coupled into high index difference waveguide. The taper also enhances the 
efficiency of mode transformation by optimizing die focusing and reflection of the mode. 
5 The tapered regions 108 and 1 10 on bigh index difference and tuw index 

difference waveguides provide an efficient, bi-directional mode tranfriormer, siitte the 
taper* on the high index difference waveguide terminates die high index difference 
waveguide once the mode b coupled into low index difference waveguide, and vice 
versa. Tea mode uangferme* 100 works Cor modes traveling from right to left as well as 
10 from left to right as shown in Figures 1 and 2, making it a bi-directional mode 
transformer. 

The taper length of the high index core should be designed to minimize mode 
trans formatiou loss. The design of the taper in the (ow index core should be designed to 
minimize reflection, maxindzo focusing, and maximize efficiency. The overlap portion 
15 1 12 of the tapered regions 108, 1 10. should also be chosen to maximize coupl ing 
efficiency. 

The mode transformer of the invention is useful for coupling mode from an 
optical fiber to a nigh index dinereRce waveguide. The fiber mode can be coupled go 
left side of the transformer as shown in Figure I , whose cross-sectional view is shown in 

20 Figure 3. The index difference between the core 102 and cladding 1 06 can be cho5co to 
be similar to that of fiber (-0.01). The ccre/dadrh'ng indices and thus me mode are 
similar to that of fiber, resulting ha a highly efficient coupling. Once coupled, tfw mode 
will be transformed into (hat of a high index difference waveguide as described above. 

TbU coupling technology can be applied to any high index difference waveguide 

25 system*. For example, one can use SXh as the cladding, SiON as the low index 
difference waveguide core, and ShN* as the high index difference waveguide core. For 
die illustrated exemplary erabaliraent, the design parameters of Lt=La=*50vim and 
Ls=40uro gave a simulated values of 75 SI efficiency at the wavelength of l.SSpra. 
This is an irarxaverncnt over 30% efficiency for the case of butt-coupling without a dual- 

30 taper. The invention is a bi^iirtCrional transformer, which shows srmilax efficiencies for 
mode Crsnsformatinn in both directions. 

While exemplary embodiments of the invention have been illustrated with 
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comixEKjas or linear (flat edged) tapers, it will be appreciated thai segmented or non- 
linear mpers can also be utilized in accordance with the invention. For example, the 
taper can nave a stepped taper edge, or a cuncave or convex shaped taper edge. 

Figure 5A is a cross- section view of die waveguide of Figures 3 wtd 4. Figures 
5 5B-5F are tone possible index profiles along the arrowed line 5-5 in Figure 5A. While 
exemplary emtodimenis of rhe invention have been illustrated with step index profiles 
between the core and the cladding for both low ard high index difference waveguide* zs 
shown in Figures 3 A and 5B, h wJJl be appreciated that other Index profiles between the 
core and the cladding can also be utilized in accordance widi the mvenrkw. 

10 For example, various other index profiles such as graded index and step graded 

index profiles can be w>ed as long as the refractive index of (he once is higher than the 
refractive index of the cladding on the average. Such profiles are shown in Figoxes SC- 
5P. The various index profiles in Figures 5B-5F are illustrated along the horizontal 
direction fox purposes of illustration, but can also be applied in other direction*. 

15 While exemplary embodiments of the rnveuilcm have been tlrustrated with the 

second taper embedded in the fust taper, it will be appreciated thai two tapers whose tips 
are iu coocaet can also be utilized in accordance with the invention, with 0 overlapping 
taper sections. An example of two tapers whose tips are considered to be in contact is 
shown in Figure 6. When rhe distance between the ends of the two tapers 108, 110, 

20 shown as D In Figure 6, is short enough to allow for appreciable transmission efficiency, 
they should be considered to be in contact and have 0 overlapping sections, even though 
they arc physically separated. Appreciable transmission efficiency is defined as the 
efficiency higher than or equal to 0 .1 %. 

While exemplary embodiments of the invention have been illustrated with two 

25 channel waveguides, it will be appreciated that other waveguide configurations can be 
used as long as the mode-field sizes in cross-sectional area are similar to those in the 
channel waveguides used in this embodiment 

Although the present invention has been shown and described with respect to 
several preferred embodiments thereof, various changes, omissions and additions to the 

30 form and detail thereof, may he made therein, without departing from the spirit and 
scope of the invention. 

What is claimed is; 
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1 I- A d idee trie waveguide optical inoue transformer comprising. 

2 .i first dklecmc channel waveguide including a firs* coin bavins a first capered 

3 region and surrounded by a cladding; and 

4 a second dielectric chaunel waveguide including a second core having a second 

5 tapered region and surrounded by said cladding, a portion of said second tapered regioo 
€ being embedded within sabd first tapered region with on embedded length ranging 

7 upward* from 0, wherein the embedded portion of said secood Tapered region b 

8 completely surrounded by said first tapered region in the cross-section transverse to the 

9 mode transformation direction, and wherein the embedded length of said second tapered 

10 regioo within said first tapered region ia O when the dps of said fust aod second tapered 

11 reipons arc in conracL 

1 2. The transformer of claim 1, wherein said clodding comprises one or more 

2 materials with different retractive indices than those of said first and second cores. 

1 3. The transformer of claim I, wherein the Index of retraction of said first core 

2 is graded in the transverse direction. 

1 4. The iransformer of claim 1 , wherein the index of retraction of said second 

2 core is graded in tbe transverse direction. 

1 5. Tbe transformer of claim 1 , wherein the index of refraction of said cladding is 

2 graded in the transverse direction. 

1 6 . The transformer of claim 1 , wherein the index of refraction changes gradually 

2 from snid first core to said cladding in dw transverse directiozx. 

1 7. The rransfoxmer of claim 1 , wherein the Index of refraction changes gradually 

2 from said second core to said cladding in the transverse direction. 



1 8. The transformer of claim I, Tvheretn (he index of refraction changes abruptly 

2 from s?id first core to said cladding in the transverse direction. 
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1 9. The nam former of claim 1, wherein the index of refract: cm changes 

2 abruptly Crura said second core to said cladding in (be transverse direction. 

1 10. The transfonnsr of claim 1, wherein tt» ups of said first and second tapered 

2 region are in contact if the optical transmission efficiency between said first and said 

3 second tapered regions is equal to or cfxwe 0.1%. 

1 II. The transformer of claim ! , wherein said first and second cores, and said 

2 cladding are integrated on a planar lightwave circuit (PLC). 

1 12. The transformer of claim I . wherein the index of refraction of siid first core 

2 ii relatively lower than the index of refraction of said second core. 

1 13. The transformer of claim t , wherein the index gf cefractioD of siid first core 

2 is slightly higher than the index of refraction of said cladding. 

1 14. The transformer of claim 13, wherein 0 < (m-tnVnj <0. 1 , where m is the 

2 refractive index of said first core and m b the refractive index of said cladding. 

1 15. The transformer of claim I , wherein die index of refract ton of said second 

2 core is substantially higher than the index of refraction of said fust core and said 

3 dadding. 

1 16. The transformer of claim 15, wherein 0.3 (an-aO/m, where ni is the 

2 refractive index Of said first Core, m is the refractive index of said second cote, and ru ra 

3 the refractive index of said cladding. 

1 17. The U-ansformer of claim 1 . wherein a propagating optical mode ii 

2 transformed in size, shape and speed as it propagates between said first core and said 

3 second core. 



Id. The tramtoTTncr of claim 1, wherein a propagating optical mode can 
. propagate bi-directionaUy between said first end second waveguides. 
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1 19. The transformer of claim 1 , wherein said second tapered region 

2 provides an effective index change to a propagating optical mode. 

1 20. The aaojfimnci of claim J . wherein said fixsr tapered region minimizes 

2 renectioc of a propagating mode and recuses said propngaring rood* Lmn said second 

3 core. 

1 21 . The transformer of claim 1 , wherein said first taper ed region enhances the 

2 efficiency of mode transformation of a propagating mode. 

1 22. The transformer of dauu 1 , wherein said first and second tapered regions axe 

2 conUnuons or segmented, 

1 23. The transformer of claim 1 . wherein siid first and second tapered regions are 

2 linear or non-linear. 

1 24. A dielectric waveguide optical mode transformer comprising: 

2 a first dielectric waveguide including a first coio having a first tapered region and 

3 surrounded by a cladding; and 

4 a second dielectric waveguide including a second core having a second tapered 



5 region and surrounded by said cladding, a portion of said second tapered region being 

6 embedded within said first tapered region with an embedded length ranging upwards 

7 from 0, wherein said second core and sail cladding define a high index difference 
e w&veguide, and wherein the embedded portion of said second tapered region Is 

9 completely surrounded by said first tapered region in the cross-section transverse to the 

10 mode transformation direction, and wherein the embedded length of said second capered 

1 1 region within said first tapered region is 0 when the tips of said first and second tapered 

12 regions arc in contact. 



1 25. The transformer of claim 24, wbaein the index of refraction of said Gist 

2 core is relatively lower than the index of refraction of said second core. 

1 26. The transformer of claim 24, wherein a high index difference waveguide is 

2 defined as a waveguide whose mode-field size is within 50 % difference in cross- 
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3 sections] area from that of a channel waveguide whose index difference is equal 

4 to or larger than 0.3. 

X 27. The transformer of claim 24, wheiein a propagating optical mode Is 

2 transformed is size, shape and speed as ft propagates between said first care and said 

3 second core. 

1 28 . The transformer of dnim 24, wherein a propagating optical mode can 

2 propagate bi-directionally between said first awl second waveguides. 

1 29. The transformer of eiahn 24, wherein said second tapered region provides an 

2 effective tcdex change to a propagating optical mode. 

1 30. The transformer of claim 24. wherein said first tapered region minunftxs 

2 reflection of a propagating mode and recuses said prrjpagating mode into said second 

3 core. 

1 31 The transformer of daim 24. wherein *sid faxl tapered legion enhance* the 

2 efficiency of mode transformation of a propagating mode. 

1 32. The txdiBfoajicr of claim 24. wherein said first and second tapered regions 

2 ire oononuouE or segmented. 

1 33. Thr transformer of claim 24, wherein said first and second tapered regions 

2 are linear ur non-linear. 

1 34. The transformer of claim 24, wherein the. index Of refraction of said first; 

2 core is graded in the transverse direction. 

1 35. The transformer of claim 24, wherein the index of refraction of said second 

2 core is graded in die transverse direction. 

1 3d. The transformer of claim 24, wherein the index of refraction of said cladding 

2 Is graded in tbe transverse direction. 
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1 37. The transformer of claim 24. wherein the index of refraction changes 

2 gradually from said first care to said cladding in the transverse direction. 

1 38. The transformer of Claim 24, wherein the index of refraction changes 

2 gradually from said second core to said cladding in the transverse direction. 

1 39. The trims former of claim 24, wherein (he index of refraction changes 

2 abruptly from said first core to said cladding in the transverse direction 

1 40. The transformer of claim 24. where in the index of refraction changes 

2 abruptly from said second core to said cladding in the transverse direction. 

1 41. The transformer of claim 24. wherein the tips of said first and second tapered 

2 region are in eonracr if the optical transmission, efficiency between said first and said 

3 second tapered regions is equal to or above 0. 1 55. 

1 42. The transformer of claim 24, wherein said tnst core, said second core, and 

2 said cladding are integrated on planar lightwave circuit (PLC). 

1 43. The transformer of claim 24, wherein said cladding is defined as a region or 

2 regions surrounding said first and second cores with lower effective index than those of 

3 said first and second cores. 

1 44. The transformer of claim 24, wherein said cladding is defined as a region or 

2 regions STJircruoding said first and second cores where the evanescem field of optical 

3 modes exists. 

1 45. An optical mofle coupler comprising: 

2 a first core having a first tapered region; 

3 a second core having a second tapered region, a portion of said second tapered 

4 region being in embedded within said first tapered region; and a cladding surrounding 

5 said first and second cores, said Cladding comprising one or more materials with 
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6 different refractive indices than those of said Fixst and second cores. 

1 46. A dielectric waveguide optical made transformer comprising: 

2 a first dielectric waveguide including a firs I core iaving a first tapered region and 

3 surrounded by a cladding; and 

4 » second dielectric waveguide including a second core baying a second tapered 

5 region and surrounded by said ciaddmg, a portion oi said second tapered region being 

6 embedded wkhin said first tapered region, wherein said cladding comprising one or more * 

7 materials wirh different refractive indices man those of said fust and second cores. 

1 47. A method of bi-directional ly coupling q propagating opti eel mode between 

2 optical regions comprising: 

3 providing a first core haviog a first tapered region; 

4 providing a second core havmg a second tapered region, a portion of said second 

5 tapered region being embedded within said first tapered region; 

6 providing a cladding that surrounds said first and second cares, said cladding 

7 comprising one or more materials with differed refractive indices than those o* said first 
S and second cores; and 

9 introducing a propagating optical mode uao either said fust or second cores. 

1 48. A method of bi-directioaaJUy coupling a piopagaiing opdcal mode between 

2 optical regions comprising: 

3 providing a first core having a first tapered region; 

4 providing a second core having a second tapered region, a portion of said second 

5 tapered region being embedded within said first tapered tegkm; 

6 providing a cladding that surrounds said first and second cores, said cladding 

7 comprismg one or more materials whh different refractive indices than those of said first 

8 and second coxes; and 
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introducing a propagating optical 



mode luto either of said optical regions. 



2 



1 



49. A method of bi-directional] t coupling a propagating optical ivtodc rirtwecn a 
high refractive index region and a low refractive index region comprising: 



3 



providing a first low index of refraction core having a first tapered region, 



4 



providing a second high index of refraction cote having s second tapered region, 



5 a portion of said second tapered region being embedded within said fust tapered 

6 region ;providing a cladding (bat surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than those of said first 

8 and second cores; and introducing a propagating optical mode into either said first or 

9 second cores. 

1 50- A method of bi-directkruaJty coupling a propagating optical mode between a 

2 high refractive iudex region and a low refractive index region com prising: 

3 providing a first low index of refraction core having a first lapcred region; 

4 providing a second high index of refraction core having a second tapered region, 

5 a portion of said second Upexcd region being embedded within said first tapered region; 
o providing a cladding that currounds said first and second cores , said cladding 

7 comprising one or more materials with different refractive indices than those of sakl first 

8 and second cotes; and 

9 introducing a propagating optical mode into either said high refractive index 
1 0 region or said tow retractive index region. 
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